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Abstrat
The theoretial alulation for nonlinear refrative index n2 in
Cr
2+
: ZnSe - ative medium predits the strong defousing asaded
seond-order nonlinearity within 2 - 3 µm spetral range. On the ba-
sis of this result the optimal avity onguration for Kerr-lens mode
loking is proposed that allows to ahieve a sub-100 fs pulse duration.
The numerial simulations testify about strong destabilizing proesses
in the laser resulting from a strong self-phase modulation. The stabi-
lization of the ultrashort pulse generation is possible due to spetral
ltering that inreases the pulse duration up to 300 fs.
1 Introdution
The intensive investigations of the Cr
2+
-doped laser media testify about their
high potential in the tunable generation in mid-IR between 2  5 µm. A
speial interest is onneted with Cr
2+
: ZnSe  ative medium due to its
exellent material properties: high thermal ondutivity whih is lose to
that one of YAG, the absene of exited state absorption, and very broad
gain band whih allows for tunable generation in 2  3 µm range. The latter
is very attrative for a lot of appliations: remote sensing, spetrosopy,
ophthalmology, and neurosurgery.
At this moment, the pulsed
1
and ontinuous-wave operation
2
in Cr
2+
:
ZnSe lasers was demonstrated with InGaAs and Tm:YALO laser pumping,
1
whih demonstrated high eieny and favorable lasing abilities of this ative
rystal.
A very interesting property of Cr
2+
: ZnSe is the high oeient of the
nonlinear refration
3
that results from the relatively small bandgap, i. e.,
in fat, from the semiondutor nature of the material. As it is known,
the higher nonlinear refration is favorable to self-starting of Kerr-lens mode
loking
4
. The derease of Kerr-lens mode loking threshold allows to sim-
plify the laser onguration, to improve the ultrashort pulse stability, and
to inrease the lasing eieny. Another advantage of Cr
2+
: ZnSe as media
for ultrashort pulse laser is a very broad gain band, whih an support the
generation of 12 fs pulses.
However, high nonlinear refration oeient is the soure of some short-
omings. As it was shown
5
, the Kerr-lens mode-loked lasers demonstrate a
variety of unstable regimes that an destroy the ultrashort pulse and prevent
from the pulse shortening.
Here, for rst time to our knowledge we analyze the Kerr-lens mode lok-
ing abilities of Cr
2+
: ZnSe laser. The analysis of ZnSe nonlinear properties
is presented that is neessary for an optimization of the laser design and for
investigation of self-starting ability and ultrashort pulse stability in Cr
2+
:
ZnSe laser.
2 Nonlinear refration in an ative medium
As it is known
3
, the two-photon absorption, Raman sattering and Stark
eet strongly ontribute to nonlinear refrativity in semiondutors. The
main parameter, whih denes a value of nonlinear refration oeient n2,
is the bandgap energy Eg:
n2 [esu] =
K
√
EpG2(
h¯ω
Eg
)
n0E4g
.
Here n0 is the linear oeient of refration; Ep = 21 eV for the most of
diret gap semiondutors; K = 1.5·10−8 is a material-independent onstant;
G2 is the funtion depending only on the ratio of photon energy and the
energy gap of the material. For ZnSe Eg = 2.58 eV . For G2 we used the
following approximation in the below bandgap region:
G2(x) = 0.01373 +
0.656 · 10−14
x2
+
0.1889 · 10−37
x6
,
whih was obtained from experimental data presented in Ref
4
. In addition to
2
dependene of G2 on wavelength, we have to take into aount the dispersion
of n0. For ZnSe the next approximation is valid:
n0 = 2.4215 +
0.4995 · 10−7
λ
− 0.1747 · 10
−13
λ2
+
0.3429 · 10−19
λ3
(here λ is in meters). A resulting dependene of n2 on wavelength is shown
in Fig. 1. There is a strong Kerr nonlinearity produing self-fousing eet.
The value of n2 exeeds the typial values of the most of dieletri rystals
by two orders of magnitude.
However, this is not suient for the estimation of the nonlinear proper-
ties of ZnSe. Despite the fat that ZnSe has ubial lattie, there is not enter
of inversion in rystal. As result, the medium possesses the seond-order non-
linear properties. The orresponding nonlinear oeient d = 80 pm/V 6.
Although there is no eient frequeny onversion, the existene of seond-
order nonlinearity an strongly ontributes to the nonlinear refrativity due
to so-alled asaded seond-order nonlinearity, whih an be used for Kerr-
lens mode loking
7
. Usually, hange of the index of refrativity has non-Kerr
harater, but the Kerr-like approximation n = n0+n2I (where I is the eld
intensity) is valid if
6 (
∆k
2χ )
2
I
<< 1 , where
χ = 2ωd√
2ǫ0n
2
0
n2ωc3
; ∆k = 2k0 − k2ω; ω, k0 are the fundamental frequeny
and wave number, orrespondingly; n2ω, k2ω are the linear refrative index
and wave number for the seond harmoni. Our alulations showed, that
the Kerr approximation for ZnSe is valid up to intensities of 2.2 TW/cm2 at
2 µm and 600 GW/cm2 at 3 µm, and it is used throughout present work.
The nonlinear oeient of refration due to asading seond-order non-
linearity is
6
:
n2 =
4πd2
ǫ0n
2
0n2ωcλ∆k
.
Note, that in the ase of the normal dispersion of n0 the nonlinearity
due to seond-order nonlinearity has a defousing nature. The dependene
of n2 on the wavelength is shown in Fig. 2. One an see, that the nonlinear
refration is very strong. As result of the joint ontribution of third- and
seond-order nonlinearities, a net-oeient of nonlinear refration is shown
in Fig. 3. The nonlinearity is fousing up to 1.2 µm and defousing in mid-IR
range. An experimental value of n2 measured at 1.06 µm demonstrates an
exellent agreement with the orresponding value of alulated urve in Fig.
3.
3
3 Laser onguration
The obtained value of n2 enables us to estimate a mode loking eieny
due to Kerr-lensing. We have used the method presented in
8
: for eah
xed value of the foal length of the mirror M2 (see Fig. 4) we varied a
folding distane and the position of ative medium trying to maximize the
value of
∂T
∂I
, where T is the eetive transmission of the hard aperture.
This parameter denes the inverse saturation intensity of the eient fast
saturable absorber, indued by joint ation of Kerr self-fousing in ative
medium and difrational losses at aperture. For the ommon Kerr-lens mode-
loked lasers
∂T
∂I
≈ 10−10 − 10−12 cm2/W . In the ase of ZnSe the modulation
parameter is shown in Fig. 5. It is seen, that the Kerr-lensing eieny in
this ase is higher by two orders of magnitude. It is interestingly, that the
defousing nature of the nonlinearity does not aet the proess of the avity
optimization essentially: the hange of the sign of n2 only slightly aets
the position of ative medium and folding distane. The optimized avity
onguration is shown in Fig. 4.
4 Ultrashort pulse stability
Calulated values of
∂T
∂I
suggest a good Kerr-lens mode loking ability of Cr
2+
:
ZnSe  laser. However, the strong self-phase modulation while being the
positive fator failitating self-fousing, an, on the other hand, destabilize
an ultrashort pulse generation due to automodulational instability
5
. In order
to estimate the mode loking stability in Cr
2+
: ZnSe  laser we performed
the numerial simulation on the basis of utuation model and distributed
sheme of the laser generation. The master equation was:
∂a
∂z
=
(
α + (tf + iD)
∂2
∂t2
− iβ |a|2 − γ
1 + σ |a|2
)
a,
where a is the eld, z is the longitudinal oordinate, α is the saturated
by full eld energy gain oeient, tf is the inverse bandwidth of the spe-
tral lter, D is the net-group delay dispersion, β = 2πn2zg
λn0
is the self-phase
modulation parameter, zg is the ative medium length, γ is the diration
loss, dened from onguration of laser, σ = ∂T
∂I
.
The strong self-phase modulation and self-fousing dominate over the
gain saturation. The last fator provides the negative feedbak in laser that
stabilizes ultrashort pulse. The ritial parameter dening the ultrashort
pulse dynamis is τ =
tf
βEs
, where Es is the gain saturation ueny. The
derease of this parameter worsens the pulse stability. To omparison, in
4
ZnSe τ is ten times lower than in Ti: sapphire. Therefore, to obtain the
stable pulse generation, we have to inrease τ e.g. by inreasing tf . The
stable pulses were obtained for tf = 120 fs. The pulse duration was about
300 fs for 800 mW absorbed pump power. An additional stabilization fator
is the minimization (down to zero) of net-dispersion.
The harater of the pulse destabilization needs some omments. The
typial senarios are shown in Figs. 6  8. The pulse behaviors presented
here were alulated for the same set of the laser parameters but for dierent
initial noise samples. There are the possibilities for multipulse generation
(Fig. 6), generation of the breezer-like pulse and its subsequent disintegration
(Fig. 7), and the ollapse of the pulse into several pulses (Fig. 8). Note,
that breezer-like pulse is formed without ation of the soliton mehanism in
laser beause of net-dispersion in this ase is lose to 0. The regime depited
in Fig. 8 is haraterized by low-frequeny modulation of the generation
spetrum that at last leads to the pulse ollapse. It should be noted, that
the generation of the stable single pulse is depended on the random noise
sample, too.
5 Conlusion
The analysis of the nonlinear properties of ZnSe  rystal was performed. It
was found, that the strong seond-order asading nonlinearity in the om-
bination with third-order phase nonlinearity auses a strong fousing Kerr
nonlinearity in near-IR and defousing quasi-Kerr nonlinearity in mid-IR
ranges. As result, the eieny of the Kerr-lensing in ative medium is
two-three orders of magnitude higher than in typial ative media of fem-
toseond lasers. The optimal avity onguration for Kerr-lens mode loking
was found. But, as the analysis testies, the main problem of the ultrashort
pulse generation in Cr
2+
: ZnSe  laser is the pulse destabilization due to
strong self-phase modulation. This requires to derease the bandwidth of
spetral lter. The last allows to generate 300 fs pulses. The self-start of
Kerr-lens mode loking has a statistial harater, that is depended on the
noise sample. The investigation of the pulse destabilization testies about
formation of the breezer-like pulses and pulse ollapse due to low frequeny
perturbations.
5
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Figure 1: The dependene of n2 on wavelength in the ase of third-order
nonlinearity ontribution
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Figure 2: The dependene of n2 on wavelength in the ase of seond-order
nonlinearity ontribution
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Figure 3: Net-oeient of nonlinear refration in ZnSe
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Figure 5: Kerr-lens mode loking eieny in ZnSe - laser
11
Figure 6: Pulse train
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Figure 7: Pulse train
13
Figure 8: Pulse train
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